Background
Methods
The study included 21,342 adults with consistent thyroid hormonal status on serial thyroid function tests (TFTs) and carotid artery duplex ultrasonography at a health screening center between 2007 and 2014. The effect of subclinical thyroid dysfunction on baseline carotid plaques and newly developed carotid plaques during 5-year follow-up was determined by logistic regression analyses and GEE (Generalized Estimating Equations), respectively.
Results
Carotid plaques were more common in the subclinical hypothyroidism (55.6%) than the euthyroidism (47.8%) at baseline. However, in multivariable analysis, thyroid status was not a significant risk for the carotid plaques at baseline. Instead, traditional cardiovascular risk factors, such as age (P <0.001), systolic blood pressure (P = 0.023), fasting blood glucose (P = 0.030), and creatinine (P = 0.012) were associated with baseline carotid plaques in subclinical hypothyroidism. In longitudinal analyses of subjects who were followed up for more than 5 years, there was no significant difference in the cumulative incidence of new carotid plaques according to time between subjects with subclinical hypothyroidism and those with euthyroidism (P = 0.392).
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Introduction
The influence of overt thyroid dysfunction on the cardiovascular system is well documented [1] [2] [3] . Many studies have also been conducted in subjects with subclinical thyroid dysfunction; however, the effect of subtle thyroid dysfunction on vascular atherosclerosis remains controversial [4] [5] [6] [7] . Because of the high prevalence of subclinical hypothyroidism and subclinical hyperthyroidism (4-10% and 0.7-12% of the general population respectively) [8] [9] [10] , it is important to clarify the effect of subclinical thyroid dysfunction on vascular atherosclerosis. Carotid plaques are an early surrogate marker of systemic atherosclerosis and a predictor of major cardiovascular events [11] . Many previous studies have tried to evaluate the association between subclinical thyroid dysfunction and incidence of carotid plaques [6, 12] . However, most studies utilized a single set of thyroid function tests for analysis of the association between thyroid function and carotid atherosclerosis. In addition, only a few studies reported longitudinal assessment of the change in carotid atherosclerosis burden. In subclinical hyperthyroidism, 40-60% of cases return to normal thyroid function over a period of weeks to a year [13, 14] . Moreover, only 33-55% of subclinical hypothyroidism cases progress to overt hypothyroidism during 10 to 20 years of follow-up [15] [16] [17] . Therefore, using a single set of baseline thyroid function tests (TFTs) may result in inclusion of many cases of transient subclinical thyroid dysfunction. And it may dilute the probable effect of subclinical thyroid dysfunction on carotid atherosclerosis. Also, in order to evaluate the long-term effects of subclinical thyroid dysfunction on carotid atherosclerosis, serial measurement of TFT is needed.
Here, we aimed to clarify the association between sustained subclinical thyroid dysfunction and carotid atherosclerosis through cross sectional and longitudinal assessment using data from comprehensive health checkups of adults.
Methods

Study population
The authors retrospectively screened a total of 23,724 subjects aged 20 or older who underwent more than two comprehensive health checkup examinations including serum TFT and carotid artery duplex ultrasonography (DUS) at Samsung Medical Center between January 2007 and December 2014. All subjects visited the hospital voluntarily for a health checkup. This study was approved by the Institutional Review Board of Samsung Medical Center (IRB File No. 2016-05-112). IRB waived the consent form because all data was anonymized and no personal information was included.
Among subjects, 4.3% and 1.3% showed subclinical hypothyroidism and subclinical hyperthyroidism at initial TFT, and 92.4% showed euthyroid status. We defined sustained thyroid functional status as consistent serial TFT results at a !6-month interval. By this definition, subjects with transient thyroid dysfunction were excluded (n = 1,587). Subjects who had been treated for thyroid disease initially were also excluded (n = 787). If a subject started medication for thyroid disease during follow-up, data were included only up to that point. One subject with overt hypothyroidism and seven subjects with overt hyperthyroidism were also excluded (Fig 1) . Cross-sectional assessment of carotid plaques at baseline was performed for the remaining 21,342 subjects: 365 had subclinical hypothyroidism, 20,927 had euthyroidism, and 50 had subclinical hyperthyroidism.
For longitudinal assessment of new carotid plaques, 3,391 subjects with no initial carotid plaques and at least 5 years of follow-up were screened. Among them, 1,860 subjects remained free of plaques and 1,531 subjects developed new carotid plaques during follow-up (Fig 1) . The subjects with subclinical hyperthyroidism were excluded due to small number of cases (n = 50).
Measurement of clinical and laboratory variables
Medical history and social behavioral information were collected through questionnaires completed by the subjects. Exercise status was defined as regular exercise of at least moderate intensity more than three times per week. Drinking status was defined as consuming more than 20 g of alcohol per week. Height and weight were measured for the calculation of body mass index [BMI = weight (kg)/height (m) 2 ]. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured in seated subjects after a 15-min rest period. Metabolic syndrome was defined according to the US National Cholesterol Education Program/Adult Treatment Panel III guideline (NCEP/ATP III) [18] .
Serum-free T4 (FT4), total T3 (TT3), and thyroid stimulating hormone (TSH) were measured by chemiluminescent immunoassay (ADVIA Centaur1 XP; Seimens). An enzymatic colorimetric method was used to measure serum total cholesterol (TC) and triglyceride (TG). Low-density lipoprotein cholesterol (LDL-C) and serum high-density cholesterol were measured by a homogenous enzymatic colorimetric method (Roche/Hitachi modular; Roche). Fasting blood sugar (FBS), hemoglobin A1c (HbA1c), serum creatinine, C-reactive protein (CRP), and liver function tests such as alanine transaminase (ALT) and asparatate aminotransferase (AST) were also checked.
Carotid DUS was used to measure carotid atherosclerosis. For the analysis, the authors checked for abnormal carotid plaques using a 4.4-MHz pulsed Doppler (LOGIQ E9; GE). Carotid plaque was defined as focal carotid intima-media thickness >1.5 mm or a vessel wall that appeared to be at least 50% thicker than the surrounding wall. We performed the measurements at carotid bifurcation on the far wall of the common carotid artery on both sides and the computer-based points in the region was used in this study [19, 20] .
Definition of thyroid functional status
Thyroid hormone status was defined as serum TSH and FT4 levels sustained for more than 6 months. Normal TSH level ranged from 0.3 to 6.0 mU/L and normal FT4 level ranged from 0.8 to 1.85 ng/dL that were institutional reference ranges of our center [21] . Euthyroidism was defined as TSH and FT4 levels in the normal range. Subclinical hypothyroidism was defined as TSH level greater than 6 mU/L, and subclinical hyperthyroidism as TSH level less than 0.3 mU/L. For the subgroup analysis, severe subclinical hypothyroidism was defined as TSH >10 mU/L and normal FT4 level.
Statistical analysis
Continuous data were expressed as the mean ± standard deviation (SD) as indicated. Data on categorical characteristics were expressed as percent values or absolute numbers as indicated. Continuous data with no normality were expressed as the median and inter-quartile range. For comparison among the three groups of thyroid functional status, χ 2 -test was used for categorical data and ANOVA or Kruskal-Wallis test was used for continuous data. Tukey's test was used for post-hoc analysis. For univariable and multivariable analysis, logistic regression analysis was performed to find risk factors associated with carotid atherosclerosis. Adjusted variables in multivariable analysis were selected based on a P value <0.1 in results from univariable analyses [22] . For longitudinal assessment, subjects who were followed up for more than 5 years were analyzed for the cumulative incidence of carotid plaques. In other words, the carotid plaque is regarded to last after first occurrence during the follow-up. Cumulative incidence of new carotid plaques was analyzed using GEE (Generalized Estimating Equations) in univariable and multivariable analysis. A P <0.05 was considered significant. Statistical analysis was performed using statistical analysis system (SAS) software version 9.4 (SAS institute, Cary, NC, USA).
Results
Baseline characteristics between subjects with thyroid hormonal status
Among 21,342 subjects (16.3% female) with sustained thyroid functional status for more than 6 months who were included in this study, 365 had subclinical hypothyroidism, 20,927 had euthyroidism, and 50 had subclinical hyperthyroidism ( Table 1 ). The mean age of these groups was 57.4 ± 8.5, 54.1 ± 8.5, and 57.4 ± 7.5 years, respectively. Compared with the euthyroidism group, patients in both the subclinical hypothyroidism and hyperthyroidism group were older. In addition, the subclinical hypothyroidism and subclinical hyperthyroidism groups contained a higher proportion of females than the euthyroidism group. BMI was lower in subjects with subclinical hypothyroidism. In lipid profiles, only TC and LDL-C were significantly different among the three thyroid functional groups. The median follow-up duration was 4.0 years. Baseline characteristics of each group are shown in Table 1 .
Factors associated with baseline carotid plaques
The prevalence of carotid plaques at baseline was significantly different among the three groups (55.6% for subclinical hypothyroidism, 47.8% for euthyroidism, 48.0% for subclinical hyperthyroidism; P = 0.012). In post-hoc analysis, a difference in prevalence of carotid plaques was found between the subclinical hypothyroidism and euthyroidism groups (P = 0.006).
However, when other risk factors were adjusted, FT4 was not a significant risk factor for carotid plaques at baseline in subjects with subclinical hypothyroidism (0.380 [0.097, 1.486]; P = 0.164) or euthyroidism (1.094 [0.919, 1.303]; 0.311). Older age, high SBP, high level of serum FBS, and high serum creatinine were independent risk factors for carotid plaques after adjusting of other risk factors in the subclinical hypothyroidism group. Older age, female sex, high SBP, low DBP, high BMI, high level of serum LDL-C, AST, or HbA1c, low level of serum HDL-C, current smoker, and presence of metabolic syndrome were significant risk factors for carotid plaques after adjusting of other risk factors in the euthyroidism group (Table 2) . In subgroup analysis, there was no significant difference in the carotid plaques at baseline between subjects with severe subclinical hypothyroidism (TSH >10 mU/L, n = 92) and those with euthyroidism (47 [51.1%] subjects with severe subclinical hypothyroidism and 9,993 [47.8%] with euthyroidism; P = 0.532 in χ 2 -test).
Longitudinal assessment of carotid plaques: 5-year follow-up data
The mean follow-up period of the 3,391 subjects included in the longitudinal study was 6.0 years (range, 5 to 7.9 years). They visited the clinic a median of 3 times (range, 2 to 8 times) during the follow-up period at a mean interval of 2.4 years (range, 0.4 to 7.7 years) between each visit.
In univariable analysis, follow-up time was significantly associated with cumulative incidence of new carotid plaques (P <0.001). However, the cumulative incidence of carotid plaques according to follow-up time was not significantly different between subclinical hypothyroidism and euthyroidism groups (P = 0.281; Fig 2) . Covariates for multivariable GEE were chosen based on a P value <0.1 in univariable analysis (S1 Table) . We performed two multivariable GEEs according to the way how to handle thyroid functional status. Effects of TSH and FT4 on cumulative incidence of new carotid plaques were not significantly different with follow-up time (P = 0.518 and P = 0.135, respectively) adjusting for microsomal antibody and smoking status. Effect of thyroid functional status (sustained subclinical hypothyroidism and euthyroidism) on cumulative incidence of new carotid plaques was not significantly different with follow-up time (P = 0.392) adjusting for microsomal antibody and smoking status. Follow-up time was the only factor associated with the cumulative incidence of new carotid plaques after adjustment for other variables (P <0.001; Table 3 ).
Discussion
Carotid atherosclerosis is considered to be an early marker of generalized atherosclerosis [11] . Although overt hypothyroidism is associated with increased carotid atherosclerosis, the effect of subclinical hypothyroidism on carotid atherosclerosis remains controversial. Several studies showed that subclinical hypothyroidism and elevated serum TSH level were associated with increased risk of carotid atherosclerosis, especially in areas of iodine deficiency, and with increased cardiovascular risk [7, 12, 23, 24] . Moreover, in euthyroid subjects, carotid intima-media thickness was inversely associated with low serum FT4 level [25, 26] . Cases of severe subclinical hypothyroidism (TSH >10 mU/L) showed clear exacerbation of carotid atherosclerosis [7, 27] . Monzani et al. reported that the treatment of patients with subclinical hypothyroidism with levothyroxine significantly improved carotid atherosclerosis [28] . In contrast, some studies showed that subclinical hypothyroidism was not related to increased risk of carotid atherosclerosis, but rather to decreased carotid artery intima-media thickness [6, 29, 30] . Other studies did not show a significant association between subclinical thyroid disease and cardiovascular risk [31] [32] [33] . There also has been debate about the increased risk of carotid atherosclerosis in cases of subclinical hyperthyroidism [6, 29, 30] . We thought that certain factors may interfere with the effect of thyroid dysfunction on carotid atherosclerosis. Notably, subclinical thyroid dysfunction can improve or worsen during the follow-up period [13] [14] [15] [16] [17] 34] . Therefore, the use of a single set of TFTs could result in inclusion of transient subclinical thyroid dysfunction, and this may weaken the effects of subclinical thyroid dysfunction on carotid atherosclerosis. Furthermore, this classification may lead to inaccurate longitudinal assessment. When excluding transient subclinical thyroid dysfunction, the effects of sustained subclinical thyroid dysfunction on carotid atherosclerosis can be assessed more accurately. Previously, two studies investigated the effects of persistent subclinical hypothyroidism on cardiovascular risk [35, 36] . In a study of elderly subjects, persistent subclinical hypothyroidism was not associated with the incidence of coronary heart disease, heart failure, or cardiovascular death. However, in another study conducted in children, clinical and biochemical cardiovascular risk factors were significantly associated with long standing subclinical hypothyroidism.
In our study, to reduce such confounders, we selected subjects with sustained thyroid hormone status for more than 6 months. We excluded 1,587 subjects with transient thyroid dysfunction. The effect of thyroid function was adjusted for other risk factors for carotid plaques. As a result, sustained subclinical thyroid dysfunction was not an independent risk factor for the presence of carotid plaques at baseline. To confirm the result of cross-sectional analysis for pre-existing carotid plaques, we performed longitudinal analysis in subjects that were followed up for more than 5 years and calculated the cumulative incidence of new plaques. A generalized estimating equation was used to evaluate the interaction between the thyroid functional status and follow-up time. TSH/FT4 values and sustained subclinical hypothyroidism did not significantly affect the cumulative incidence of new carotid plaques according to follow-up time. The results remained unchanged in subgroup analysis of severe subclinical hypothyroidism and euthyroidism. There are several limitations to this study. First, subjects of our study were enrolled from a health screening center in a tertiary hospital and subjects were self-selected for the examination. Therefore, selection bias and the "healthy worker effect" could have affected our results. People with carotid atherosclerosis and those at high risk for CVD tend to have repeated carotid DUS. However, large longitudinal cohort studies of subclinical thyroid dysfunction and carotid atherosclerosis are difficult to perform due to the limitation of case enrollment. Therefore, we selected subjects who underwent serial TFT and carotid DUS for more than 5 years during health check-ups. Second, there were relatively few subjects with sustained subclinical hypothyroidism and hyperthyroidism compared to the euthyroidism group. Since we hypothesized that the effects of sustained subclinical thyroid dysfunction on carotid atherosclerosis would be more consistent and clear than those of transient subclinical thyroid dysfunction, we only included cases with sustained thyroid function and thus the incidence of subclinical hypothyroidism in our study was lower than seen in the general population. Third, although drug and disease status could affect the occurrence of carotid plaques, but they are not included in the analysis. Instead, we included blood pressure, lipid profile, liver function test, glucose, creatinine and metabolic syndrome as variables. Lastly, this was a retrospective study and prospective cohort studies with serial measurement of TFT and carotid DUS could provide more information on this topic.
In summary, sustained subclinical thyroid dysfunction was not an independent risk factor for carotid plaques at baseline in healthy individuals. Furthermore, in longitudinal assessment, subclinical thyroid dysfunction was not associated with the cumulative incidence of new carotid plaques, and only longer follow-up time was a significant predictor of incident carotid plaques. 
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